Members of the kinesin superfamily are force-generating ATPases that drive movement and inf luence cytoskeleton organization in cells. Often, more than one kinesin is implicated in a cellular process, and many kinesins are proposed to have overlapping functions. By using conventional kinesin as a model system, we have developed an approach to activate or inhibit a specific kinesin allele in the presence of other similar motor proteins. Modified ATP analogs are described that do not activate either conventional kinesin or another superfamily member, Eg5. However, a kinesin allele with Arg-14 in its nucleotide binding pocket mutated to alanine can use a subset of these nucleotide analogs to drive microtubule gliding. Cyclopentyl-ATP is one such analog. Cyclopentyl-adenylylimidodiphosphate, a nonhydrolyzable form of this analog, inhibits the mutant allele in microtubule-gliding assays, but not wild-type kinesin or Eg5. We anticipate that the incorporation of kinesin mutants and allele-specific activators and inhibitors in in vitro assays should clarify the role of individual motor proteins in complex cellular processes.
Enzymes in the kinesin superfamily use the free energy of ATP hydrolysis to drive intracellular movement and influence cytoskeleton organization (1) . More than 90 members of this family are known. Historically, kinesins have been proposed to move cellular cargo along polar microtubule tracks. More recently it has been shown that these ATPases can modulate dynamics of the underlying microtubule network (2) , couple movement of cargo to the microtubule polymerization or depolymerization (3) , and crosslink microtubules in dynamic structures (4) . Kinesins thus play central roles in mitotic and meiotic spindle formation, chromosome alignment and separation, axonal transport, endocytosis, secretion, and membrane trafficking. The cargo associated with these motor proteins includes intracellular vesicles, organelles, chromosomes, kinetochores, intermediate filaments, microtubules, and even other motors (reviewed in refs. 5 and 6) .
For many of these processes, more than one kinesin is implicated, and the specific cargo associated with a given motor protein has been difficult to establish. For example, conventional kinesin (7) (the founding member of the family) is one of a subset of kinesins involved in organelle transport in mammalian cells. This group includes KIF1, KIF2, KIFC2͞C3, and KIF4; and more recently, 18 new murine KIFs have been reported, many of which may functionally overlap with the transport kinesins (reviewed in ref. 6 ). It thus has been difficult to tie down the in vivo function(s) of conventional kinesin. Experiments using antisense techniques and microinjection of inhibitory antibodies have been further complicated by recent observations of efficient endoplasmic reticulum to Golgi transport in the absence of microtubules, albeit under restricted conditions (reviewed in ref. 8 ). Similar problems have been encountered in dissecting the function of kinesins in mitosis. Extensive genetic analysis of motors in Saccharomyces cerevisiae has linked all but one of the six kinesins to spindle function. None of these five motors are individually required for the viability of yeast, implying that more than one motor is associated with essential aspects of spindle movement (9, 10) . Immunodepletion and add-back approaches in Xenopus extract spindle assembly assays have provided similarly ambiguous data (11) .
Small molecules that conditionally activate or inactivate a protein are valuable tools for analyzing cellular functions of proteins (12) . Their use provides an alternative to conventional biochemical and genetic approaches. However, to date there have been few reports of small molecules that can reversibly alter the function of motor proteins. Butanedione monoxime has been used to probe the role of myosin in cell movement (13) , but its specificity has been questioned (14). A natural product inhibitor of kinesin has been reported (15), but is thought not to be selective for different kinesins and thus is not useful for probing the role of one specific kinesin in a complex process. Hyman et al. (16) have used ATP analogs to distinguish between microtubule motility at kinetochores driven by a kinesin and a dynein, but again, this approach is unlikely to distinguish between different kinesins. Thus we currently lack small molecule activators or inhibitors that are specific for one member of the kinesin family.
Adenylylimidodiphosphate (AMPPNP) is a nonhydrolyzable nucleotide analog that inhibits kinesins and generates a nonmotile rigor state such that the kinesin-nucleotide complex is locked onto microtubules (17) . First observed in squid axoplasmic organelles and subsequently used to purify conventional kinesin (7), the rigor state has been found to be a general phenomenon for motors in the kinesin superfamily. AMPPNP has been used as an inhibitor for motor proteins in complex extract systems (18) and in live cells (19) . Given the large number of ATP-utilizing enzymes in these systems, the assumption of inhibitor specificity is dubious.
By using conventional kinesin as a model system, we have developed an approach to control the function of individual kinesins. We have designed and synthesized ATP and AMP-PNP analogs that activate and inhibit a kinesin allele mutated in the nucleotide binding pocket but do not affect wild-type kinesin. Altering inhibitor or substrate specificity for a protein with a complementary mutation has been used to regulate protein function in other systems. Cyclosporin analogs that are cell-specific calcineurin inhibitors have been developed (20, 21) . The physiological substrates of kinases have been determined by using mutated enzymes and modified ATP derivatives (22) , and the roles of small GTPs in protein translocation have been studied through the use of xanthosine triphosphateutilizing enzymes (23) . Here we report ATP analogs that cannot be used by the wild-type conventional kinesin to
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PNAS is available online at www.pnas.org. This paper was submitted directly (Track II) to the Proceedings office. Abbreviations: AMPPNP, adenylylimidodiphosphate; Cp, cyclopentyl. *To whom reprint requests should be addressed. E-mail: TarunKapoor@hms.harvard.edu. generate motion. A kinesin allele mutated in the nucleotide binding pocket is described that can use a subset of these nucleotides to drive motility. Nonhydrolyzable versions of these nucleotides can function as inhibitors for the mutant kinesin and do not inhibit the wild-type motor or a different kinesin superfamily member, Eg5. We plan to use these kinesin mutant-nucleotide analog pairs in assays to deconvolute the function of conventional kinesin in the context of other motor proteins. The high homology and structural similarity of kinesins also should allow this approach to be applicable to other members in this superfamily, including those involved in spindle assembly.
MATERIALS AND METHODS
Synthesis of ATP and AMPPNP Analogs. Compounds were synthesized from commercial N-6 substituted adenosines (Sigma and Research Biochemical, Natick, MA). Triphosphates were synthesized as described by Shah et al. (22) . To synthesize AMPPNP derivatives, the tributylammonium pyrophosphate used in the triphosphate synthesis was replaced with an equivalent amount of tributylammonium imidodiphosphate (prepared as described by Yount et al., ref. 24) . The triethyl ammonium salts of the analogs were purified by using anion exchange chromatography and characterized by mass spectral analysis and analytical chromatography. The cyclopentyl (Cp) ATP and AMPPNP analogs were converted to their potassium salts by mixing with excess KCl and desalting by gel filtration chromatography (G-10 Sephadex, Sigma).
Mutagenesis and Protein Expression. Kinesin and kinesin mutants were expressed in bacteria [BL21(DE3) pLysS (Novagen)] as recombinant proteins comprising amino acid residues 1-560 and a C-terminal histidine tag. The plasmid encoding the wild-type kinesin has been described (25) . The Eg5 motor domain, encoding residues 1-591, fused to a C-terminal histidine tag, was constructed by PCR amplification from a full-length Eg5 clone (26) . The histidine tag and the restriction sites were included in the primers, and the digested PCR product was ligated into pRSET A (Invitrogen). Sitespecific mutagenesis was performed by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). Sequencing of plasmids from randomly selected clones confirmed the mutagenesis. Kinesins expressed in bacteria were purified by nickel affinity followed by Superose 6 gel filtration (Amersham Pharmacia), as described by Desai et al. (2) .
Motility Assays. To assess the nucleotide selectivity for each conventional kinesin allele, the motor-driven gliding velocity of microtubules over a glass coverslip in the presence of each different ATP analog was measured. A Ϸ10-l flow chamber consisting of a glass slide and coverslip, separated by doublesided adhesive tape, first was filled with 0.5 mg͞ml casein. After a 3-min incubation, the chamber was washed twice with 2 vol of buffer A [BRB80 (80 mM Pipes, 1 mM MgCl 2 , 1 mM EGTA, pH 6.8 with KOH) ϩ ATP analog with equimolar MgCl 2 ]. The motor protein (typically 50 g͞ml) diluted in buffer A, then is flowed into the chamber and incubated for 5 min. This step is followed by a wash consisting of 3 vol of buffer A with an oxygen-depletion system [71.5 mM ␤-mercaptoethanol, 22.5 mM glucose, 0.22 mg͞ml glucose oxidase (Sigma G-2133), 0.036 mg͞ml catalase (Sigma C-40)]. A solution of rhodamine-labeled microtubules (0.2 M) (prepared by using standard procedures; ref.
2) in buffer A with the oxygendepletion mix then is flowed in, and the gliding microtubules are visualized by time-lapse fluorescence microscopy. Velocities were measured by using the program TRACE (software developed by Aneil Mallavarapu, Millennium Pharmaceuticals, Cambridge, MA). Motility assays for the motor Eg5 were carried out with two modifications of the above protocol. Casein was replaced by BSA, and Eg5 was flowed into the chamber before the BSA solution.
Inhibition of the kinesin motility by AMPPNP analogs was assayed in the presence of the ATP analog that generated the maximum velocity for a given allele. In a typical assay, the microtubule-gliding velocity in the presence of the appropriate nucleotide was measured as described above. The same flow chamber then was subjected to two washes of buffer A (with the nucleotide), oxygen-depleting mixture, microtubules, and AMPPNP analog (with equimolar MgCl 2 ). The microtubulegliding velocity then was determined as described. All velocity data represent the results from two or more experiments, and the mean velocity is shown with the SE. Competitive inhibition (see Fig. 5C ) is modeled on parameters for Dixon plots (27) .
RESULTS
To design nucleotide analogs that are excluded from the ATP binding pocket of kinesins, we examined the x-ray crystal structures of kinesins (28) (29) (30) . Fig. 1 shows the ADP-bound head domain of human conventional kinesin. This kinesin is a tetramer consisting of two heavy chains (110-130 kDa) and two light chains (60-80 kDa) with its heavy chain consisting of a head domain, attached by a neck region to the coiled-coil containing stalk domains, ending in a tail (1) . The head domain (residues 1-349, for human conventional kinesin) is sufficient for ATP hydrolysis-driven motility. The purine ring of the bound ADP is buried in the pocket. The ribose hydroxyls and the phosphate groups project away from this pocket and are solvent-exposed. The residues that interact with the base are highlighted in Fig. 1. N-6 and N-7 of adenine are directed toward the protein with Pro-17 and His-93 packing on either side of the purine ring. Arg-14 from kinesin is directed toward the nucleotide's N-6 and the side chain of Thr-94 is within 5 Å. We synthesized nucleotide analogs modified at this N-6 position, anticipating that they should be excluded from the wild-type motor's binding pocket. Derivatization of the ribose hydroxyl groups was not expected to affect interactions with the protein directly, and modification of the phosphates was likely to interfere with the ATPase activity of the enzyme.
Shimizu et al. (31) have observed that the conventional kinesin nucleotide binding pocket is able to accommodate nucleotides with substituents as large as dimethyl at the N6 position. At 1 mM dimethyl-ATP, the kinesin-driven microtubule-gliding velocity is only 5-fold slower than that at equal ATP concentrations. Therefore, to exclude a synthetic nucleotide analog from the kinesin binding pocket larger substitutions at the exocyclic nitrogen were incorporated. Fig. 2A shows the synthesis of the ATP analogs by using published protocols (22) . We report an extension of these methods for a one-pot synthesis of AMPPNP analogs where the tributylammonium pyrophosphate used for the ATP synthesis is replaced with tributylammonium imidodiphosphate. The nucleotide analogs we synthesized are shown in Fig. 2B . Analysis of these ATP analogs was performed by using a human kinesin construct (residues 1-560) (K560), containing the motor domain and half the stalk (Fig. 3A) followed by a C-terminal polyhistidine tag. This bacterially expressed kinesin construct has been reported to be primarily dimeric in solution and move processively along microtubules with velocities similar to those measured for native kinesin (25) . All mutants were purified by using procedures similar to those used for the wild-type motor (Fig. 3B) .
We selected the kinesin-driven microtubule-gliding velocity as a measure of the protein-nucleotide interaction and nucleotide turnover. Fig. 4A shows three images from such a motility assay with the expressed wild-type kinesin (K560). The linear distance traversed by a microtubule in fixed time intervals yielded the gliding velocity. As anticipated, ATP analogs with large substitutions at the N6 position were not efficiently used by the wild-type motor to drive movement (Fig. 4B ). An approximately 63-fold reduction in velocity was measured for the isopentenyl analog (Ip-ATP), whereas no gliding was observed for the wild-type motor in the presence of Cp-ATP and ATP analogs with larger substitutions. These modified ATP analogs did not inhibit the microtubule gliding driven by the wild-type motor in the presence of ATP (Fig. 4C shows data for Cp-ATP). Furthermore, nonhydrolyzable AMPPNP analogs with large substituents did not inhibit kinesin motility in the presence of ATP, implying that the modifications on the purine ring prevented the nucleotide analogs from interacting in the binding pocket (data not shown). Specifically, the kinesin-dependent microtubule-gliding velocities in 2 mM ATP were unchanged after the addition of Cp-AMPPNP at concentrations as high as 3.5 mM (Fig. 4C ). In the presence of 2 mM ATP, unsubstituted AMPPNP at 3.5 mM completely inhibits kinesin motility.
To expand the kinesin nucleotide binding pocket, we decided to mutate residues proximal to the N6 on the purine ring. Although the kinesin structure (Fig. 1) is a snapshot of a dynamic motor that cycles between different conformations, we do not expect significant reorganization of the residues closest to the N6 nitrogen. Alanine-scanning mutagenesis has been used to study the microtubule interaction site of the motor (25) , but kinesins with mutations in residues that interact with the ATP purine ring have not been characterized. Mutations in the nucleotide triphosphate interacting P-loop (residues 84-92 in human kinesin) are known where the steric bulk of the side chains of residues is increased (32) (33) (34) . These mutations probably disrupt ATP binding, and some of these mutants have been characterized as dominant rigor motors with no motile function and constitutive microtubule association.
We introduced mutations in kinesin that increased the size of its nucleotide binding pocket in small increments. The Arg-14 to lysine (R14K), the Pro-17 to glycine (P17G), and the Thr-94 to alanine (T94A) were conservative relative to the Arg-14 to alanine (R14A), His-93 to alanine (H93A), and Thr-94 to glycine (T94G) mutations. Sequence alignment of plus-and minus-end directed kinesin motor domains shows that Arg-14, Pro-17, and Thr-94 are highly conserved, whereas His-93 is less conserved and may be replaced by aromatic amino acids (Phe in Xenopus Eg5 and Tyr in Drosophila Ncd) (29) . Fig. 3B shows SDS͞PAGE analysis of the mutant kinesins expressed in bacteria and purified. All expressed mutants gave equivalent yields of soluble protein that was dimeric by the criterion of gel filtration chromatography.
Each kinesin mutant was tested in an in vitro microtubulegliding assay. Remarkably, all but one of the mutant motors retained motility. The T94G kinesin showed no microtubule binding and hence, no motility. This mutant kinesin may be useful as a dominant negative allele in cellular assays. Data for the motile kinesin mutants are shown in Fig. 4D . The velocities 
FIG. 3. (A)
The domain structure of the kinesin dimer. Kinesin residues including the head, neck, and a portion of the coiled-coil regions were expressed in bacteria and purified. (B) Coomasie-stained gels of the wild-type and mutant kinesins used in our assays. As assessed by gel filtration chromatography, these proteins eluted as soluble dimers.
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Cell Biology: Kapoor and Mitchison Proc. Natl. Acad. Sci. USA 96 (1999) range from 29% to 0.9% of that measured for the wild-type motor at equal ATP concentrations. An 18-fold decrease in velocity was observed for the R14K mutation, where the guanidyl functionality in the arginine side chain is replaced with an aminomethyl. Loss of the imidazole of the histidine in the H93A mutant resulted in a similar decrease in velocity.
Here the hydrophobic interaction of the alanine side-chain methyl with the base may replace the aromatic stacking interactions between the purine ring of the nucleotide and the histidine imidazole. Each mutant was tested for motility in the presence of the ATP analogs we synthesized. The nucleotide selectivity for kinesins with conservative mutations approximated that of the wild-type kinesin (K560), with ATP being the preferred substrate for motility (data not shown). However, the R14A mutant showed a rather different preference for N6 substitutions (Fig. 5A) , whereby an increase in hydrophobic bulk at the N6 position compensated for the loss in electrostatic interactions between purine and guanidine in the unmodified binding pocket. The isopentenyl group on ATP results in an almost 7-fold increase in the motor's velocity relative to that in ATP, whereas the Cp group allows the R14A mutant to drive microtubule gliding to within 20% of the wild-type motor. Further increasing the size of the substituent on ATP to cyclohexyl, phenyl, benzyl, and phenethyl, leads to a decrease in measured velocity, indicating that the hole in the nucleotide binding pocket may be smaller than these modifications on the purine ring. Fig. 5B shows the dependence of the R14A kinesin velocity on the Cp-ATP concentration. The data fit well to a Michaelis Menten model (27) . The maximum observed velocity of this motor protein is within 35% of the wild-type kinesin velocity in ATP. The K m , however, is 20-fold higher than that of the wild-type kinesin in the presence of ATP (27) . This R14A kinesin shows essentially no activity (22-fold lower) at 1 mM unmodified ATP. Furthermore, a nonhydrolyzable analog of Cp-ATP, Cp-AMPPNP, completely inhibits this kinesin allele in the presence of Cp-ATP (Fig. 5C) . However, 3.5 mM Cp-AMPPNP does not inhibit wild-type kinesin in the presence of ATP (Fig. 4C) , and the wild-type motor is unable to use Cp-ATP to drive microtububle gliding (Fig. 4B) .
To characterize the specificity of the activator (Cp-ATP) and inhibitor (Cp-AMPPNP) further, we tested a homologous kinesin, Eg5. This enzyme has an essential function in mitosis and like kinesin, has a motor domain at its N terminus (11, 35) . We expressed and purified the region corresponding to residues 1-560 of human kinesin (amino acid identity between expressed regions of human conventional kinesin and Xenopus Eg5 is 32%) (Fig. 3B) . The microtubule-gliding velocity of this motor has been reported to be 10-fold lower than that of kinesin (35) . As observed with wild-type kinesin, wild-type Eg5 showed no detectable microtubule gliding in the presence of Cp-ATP. Similarly, its gliding velocity stimulated by ATP was not inhibited by Cp-AMPPNP, at concentrations as high as 3.5 mM (Fig. 6 ).
CONCLUSION
We report a mutant allele of conventional kinesin (R14A) that has a greatly reduced microtubule-gliding velocity in unmodified ATP, but is specifically activated by a modified ATP analog, Cp-ATP. Cp-ATP cannot be used efficiently by either the wild-type motor or by Eg5, another kinesin superfamily member. Similarly, a nonhydrolyzable version of Cp-ATP, Cp-AMPPNP, does not inhibit the wild-type kinesins, but does inhibit the R14A kinesin allele in a nonmotile, microtubulebound rigor state. We also have characterized kinesin alleles that have reduced microtubule-gliding velocities in the presence of unmodified ATP. Our kinesin alleles and cognate nucleotide analogs should be useful to probe both cell biological and biophysical aspects of kinesin function. To illustrate this point we outline two types of experiments. An outstanding question in kinesin cell biology is the identity of the vesicles that kinesin transports in vivo and the nature of the kinesin receptor on those vesicles (36) . The kinesin targeting problem has been addressed in a variety of cell-free systems, by using AMPPNP and antibodies to implicate kinesin in, for example, Golgi membrane transport (37, 38) . It should now be possible to transfect cells with our mutant alleles, prepare cell-free extracts, add Cp-ATP, observe vesicle motility, and ask whether the movement of a particular vesicle type is retarded by Cp-AMPPNP in a dose-dependent manner. A positive result would confirm that kinesin is moving the vesicle type in question. Because rigor inhibition should be dominant to unperturbed motor (32) (33) (34) , this experiment should work even while wild-type kinesin is present on the vesicles along with the mutant allele. A key biophysical question for kinesin has been how stepping activity of the two heads is coordinated so as to obtain processive movement along the microtubule (1). If kinesin heterodimers were made adapting known technology (39) so that one head was wild type and the other a R14A mutant, some interesting experiments are possible. For example, with the mutant head tethered with Cp-AMPPNP to a microtubule, the rate of ATP hydrolysis by the wild-type head could be measured. This experiment would probe the functional flexibility of the neck region connecting the two heads.
Our results imply the possibility of new experimental approaches to other kinesin superfamily proteins. Structures of the head domains of kinesin superfamily members from human (28) , Drosophila (29) , and yeast (30) show very high homology in the nucleotide binding pocket. Thus it should be possible to create equivalent mutant alleles of other kinesins and to use these in conjunction with Cp-ATP and Cp-AMPPNP to dissect their overlapping functions in cell biological processes. We plan to take this approach to probe the role of kinesin superfamily members in mitosis in the Xenopus extract system (11) . In this system the wild-type motor can be immunodepleted and replaced by a mutant allele (40) , which should allow us to use both Cp-ATP as a specific activator and shows a deviation from competitive inhibition at higher concentrations (broken line) and concentrations greater than 1 mM Cp-AMPPNP completely inhibit the mutant motor. This aspect of kinesin inhibition by AMPPNP has been characterized previously (27) .   FIG. 6 . The specificity of the activator and the inhibitor for the R14A kinesin mutant. The kinesin superfamily member, Eg5, shows no detectable microtubule gliding in the presence of 2 mM Cp-ATP. Cp-AMPPNP also is unable to inhibit the enzyme at concentrations that unmodified AMPPNP completely inhibits its activity.
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Cell Biology: Kapoor and Mitchison Proc. Natl. Acad. Sci. USA 96 (1999) Cp-AMPPNP as a specific inhibitor in analyzing function. We envisage, for example, using this technology to examine the role of Eg5 in establishing spindle bipolarity (11) . We find that ATP analogs with very similar modifications to those used as substrates for mutated tyrosine kinases (22) can be used to create allele-specific activators and inhibitors of kinesin. Tyrosine kinases and kinesin are no more homologous in their ATP binding sites than almost any pair of ATPhydrolyzing enzymes. Thus our work implies that this strategy should be generalizeable to other ATPases, including those for which high-resolution structural data will be difficult to obtain, such as ATPase membrane pumps. Allele-specific activators and inhibitors so far have been very useful for probing the function of cyclophilins (20) , small GTPases (23), and kinases (22) . Our work should lead directly to equivalent analysis of kinesins in vesicle trafficking and mitosis, and in principle, it opens up the whole panoply of ATPases for such analysis.
